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Abstract
The multifactorial likelihood analysis method has demonstrated utility for quantita-
tive assessment of variant pathogenicity for multiple cancer syndrome genes.
Independent data types currently incorporated in the model for assessing BRCA1 and
BRCA2 variants include clinically calibrated prior probability of pathogenicity based
on variant location and bioinformatic prediction of variant effect, co‐segregation,
family cancer history profile, co‐occurrence with a pathogenic variant in the same
gene, breast tumor pathology, and case‐control information. Research and clinical
data for multifactorial likelihood analysis were collated for 1,395 BRCA1/2
predominantly intronic and missense variants, enabling classification based on
posterior probability of pathogenicity for 734 variants: 447 variants were classified
as (likely) benign, and 94 as (likely) pathogenic; and 248 classifications were new or
considerably altered relative to ClinVar submissions. Classifications were compared
with information not yet included in the likelihood model, and evidence strengths
aligned to those recommended for ACMG/AMP classification codes. Altered mRNA
splicing or function relative to known nonpathogenic variant controls were
moderately to strongly predictive of variant pathogenicity. Variant absence in
population datasets provided supporting evidence for variant pathogenicity. These
findings have direct relevance for BRCA1 and BRCA2 variant evaluation, and justify
the need for gene‐specific calibration of evidence types used for variant classification.
K E YWORD S
BRCA1, BRCA2, classification, clinical, multifactorial, quantitative, uncertain significance, variant
PARSONS ET AL. | 1561
(USA), Grant/Award Numbers: 1U19
CA148065‐01, CA128978, CA192393, 1U19
CA148537, P50 CA1162091, CA116167,
1U19 CA148112; Newcastle University;
Dutch Cancer Society KWF, Grant/Award
Numbers: KWF/Pink Ribbon‐11704, UL2012‐
5649; National Institute for Health Research,
Grant/Award Number: Manchester
Biomedical Research centre (IS‐BRC‐1215;
National Council of Technological and
Scientific Development (CNPq); Instituto de
Salud Carlos III, Grant/Award Numbers: FIS
PI15/00355, FIS PI13/01711, CIBERONC, FIS
PI16/01218, PI16/00563; French National
Institute of Cancer; National Breast Cancer
Foundation; National Health and Medical
Research Council, Grant/Award Numbers:
ID1061778, ID1104808; Carlos III National
Health; Centro de Investigación Biomédica en
Red de Enferemdades Raras, Grant/Award
Number: ACCI 2016: ER17P1AC7112/2018;
Cancer Council NSW; Deutsche Krebshilfe,
Grant/Award Numbers: (#110837,
#70111850; Fondazione Pisa, Grant/Award
Number: Grant “Clinical characterization of
BRCA 1/2 Mis
1 | INTRODUCTION
BRCA1 and BRCA2 variants resulting in abrogated function of the
encoded proteins confer a high risk of breast and ovarian cancer
(Antoniou et al., 2003; Kuchenbaecker et al., 2017), and have been
reported to increase risk of several other cancer types (Breast
Cancer Linkage C, 1999; Ford, Easton, Bishop, Narod, & Goldgar,
1994; Moran et al., 2012; Thompson, Easton, & Breast Cancer
Linkage C, 2002). The cancer types commonly considered important
for risk assessment are breast (female and male), ovarian, prostate,
and pancreatic cancer, all of which are included in the BOADICEA
model predicting risk of cancer for BRCA1 and BRCA2 pathogenic
variant carriers (Antoniou et al., 2008). Identification of a pathogenic
BRCA1 or BRCA2 variant is important clinical information that directs
medical management of an individual, including strategies aimed at
prevention (risk‐reducing surgery or medication), early detection
(presymptomatic screening), and more recently personalized treat-
ment with PARP‐inhibitors (Pilie, Tang, Mills, & Yap, 2019). Further,
cascade testing of close relatives of a pathogenic variant carrier is an
efficient and cost‐effective way to reduce the burden of cancer in
individuals at high risk of developing cancer (Tuffaha et al., 2018).
However, BRCA1 and BRCA2 variants of uncertain clinical signifi-
cance (VUS) identified by diagnostic testing continue to pose a
challenge for management of patients and their relatives.
ENIGMA (Evidence‐based Network for the Interpretation of
Germline Mutant Alleles) is an international research consortium
focused on developing and applying methods to determine the
clinical significance in breast‐ovarian cancer predisposition genes
(Spurdle et al., 2012). ENIGMA has developed variant classification
criteria that utilize both quantitative (statistical) and qualitative
(rules‐based) methods to assess the clinical significance of variants in
BRCA1 and BRCA2 (http://enigmaconsortium.org/). Quantitative
classifications of variants by ENIGMA are derived from the multi-
factorial likelihood model (Goldgar et al., 2004; Goldgar et al., 2008)
that combines multiple lines of clinical data in a Bayesian framework,
with the assumption that each feature is an independent predictor of
variant pathogenicity. The BRCA1/2 model components include
likelihood ratios (LRs) for pathogenicity estimated from clinical data,
such as co‐segregation with disease, co‐occurrence with a pathogenic
variant in the same gene, reported family history, breast tumor
pathology, and more recently, case‐control data (de la Hoya et al.,
2016; Easton et al., 2007; Goldgar et al., 2008; Spurdle et al., 2014;
Thompson, Easton, & Goldgar, 2003). This information is combined
with a prior probability of pathogenicity based on bioinformatic
predictions of variant effect on protein sequence or messenger RNA
(mRNA) splicing (Tavtigian, Byrnes, Goldgar, & Thomas, 2008; Vallee
et al., 2016), probabilities that have been calibrated against clinical
information, to produce a quantitative classification applicable across
many variant types. It should be noted that the reference sets used to
derive estimates of these LRs and prior probabilities were selected
such that the model is designed to assess if a variant demonstrates
the clinical features observed for a classical “high risk” variant. To
date there are 297 entries on the BRCA1/2 database displaying
variants classified by this method (http://hci‐exlovd.hci.utah.edu/
home.php), and for which there has been publication of the
breakdown of LRs for each component.
The American College of Medical Genetics and Genomics
(ACMG) and Association for Molecular Pathology (AMP) developed
a formal framework for using qualitative criteria for variant
classification, in an attempt to standardize the application of such
evidence (Richards et al., 2015). These guidelines are intended to be
generic, and thus some evidence codes will not be relevant for
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variant curation for a specific gene. The ClinGen consortium (Rehm
et al., 2015; https://www.clinicalgenome.org/) has engaged with
expert groups to develop adaptations of the guidelines to specify
which rule codes and strengths are appropriate for a specific gene‐
disease relationship, and to provide guidance on the phenotypic
features that are most predictive of variant pathogenicity (Rivera‐
Munoz et al., 2018). To date, adaptations of the ACMG/AMP criteria
have been completed for two hereditary cancer genes: PTEN (Mester
et al., 2018) and CDH1 (Lee et al., 2018), whereas other gene‐
adaptations are in development. In addition, ClinGen has approved
two additional expert panels arising from pre‐existing international
research consortia, for the curation of variants in the mismatch
repair genes (InSiGHT, International Society for Gastrointestinal
Hereditary Tumours; https://www.insight‐group.org), and in BRCA1
and BRCA2 (ENIGMA; http://enigmaconsortium.org/). The classifica-
tion criteria used by these groups pre‐dated the development of
ACMG/AMP adaptations, and use quantitative methods (as noted
above) and qualitative criteria not yet cross‐mapped to ACMG/AMP
codes. The ClinGen Sequence Variant Interpretation Working Group
recently demonstrated that the ACMG/AMP criteria were broadly
compatible with Bayesian statistical reasoning, and estimated LR
ranges appropriate for code strengths (Tavtigian et al., 2018).
Reference data is essential to calibrate the appropriate gene‐
specific strength of different curation evidence types, and also to
assess if evidence strength is the same for variants with different
molecular effects. In relation to BRCA1 and BRCA2, most variants
established to be pathogenic are premature truncation variants
(including nonsense or frameshift), and thus comprise the majority of
variants in reference sets used to calibrate predictors of BRCA1/2
variant pathogenicity. We have collated data from >40 clinical sites
within ENIGMA and from other international clinical collaborators to
conduct the largest application of the multifactorial likelihood model
to missense and intronic variants in BRCA1 and BRCA2, providing
quantitative variant classifications, and also scores for the compo-
nent data types so as to demonstrate their relative contributions to
the final posterior probability. We have also demonstrated the value
of this dataset as a resource for calibrating qualitative information
for application to BRCA1/2 variant classification, and deriving BRCA1/
2‐appropriate rule strengths for several ACMG/AMP evidence codes.
2 | METHODS
2.1 | Variant selection for data collection
At the time of joining ENIGMA, members were asked to submit all
variants in BRCA1 and BRCA2 that they considered to be of
uncertain clinical significance, together with the number of families
carrying each variant. We followed the rationale that high‐risk
variants will not occur commonly in the general population, as
indicated by frequency measured in outbred reference datasets
representative of subpopulations. Variants were thus classified as
Class 1 Not Pathogenic if they were identified to occur at minor
allele frequency >0.01 in one or more of the following datasets:
South Asian, Latino, African, East Asian, Non‐Finnish European
subpopulations from the Exome Aggregation Consortium (ExAC)
dataset (after excluding cancer‐related information from The
Cancer Genome Atlas (TCGA; http://exac.broadinstitute.org); Eur-
opean, African, Admixed American, East Asian, or South Asian
sample sets from the 1000 Genomes Project (http://www.
1000genomes.org). This exercise provided a baseline variant list
for subsequent ENIGMA studies. For the analysis presented in this
study, a subset of variants were prioritized for collection of
segregation and breast tumor pathology data, based on number of
observations/families in the initial ENIGMA variant list and/or
bioinformatic score indicative of pathogenicity. Information for co‐
segregation analysis was provided in the form of a deidentified
pedigree for families with known carrier status in more than one
individual. Pedigree details included sex, cancer status, and age at
cancer diagnosis, or age at interview if unaffected. Unaffected
individuals known to have undergone prophylactic surgery (mas-
tectomy or oophorectomy) were censored at age of earliest surgery.
Breast tumor pathology information collected for known variant
carriers included hormone receptor status (estrogen receptor [ER],
progesterone receptor [PR], human epidermal growth factor
receptor 2 [HER2]), and/or tumor grade. In addition, clinical queries
to the Spurdle laboratory led to the collation of additional
segregation and pathology information of potential value for
multifactorial likelihood analysis of individual variants. Further,
genotype data generated as part of the iCOGS project was available
via collaboration with the Breast Cancer Association Consortium
(BCAC) for a subset of variants, from up to 41,141 breast cancer
cases and 38,694 controls of European ancestry, and 6,185 breast
cancer cases and 6,614 controls of Asian ancestry (Michailidou
et al., 2013). Variants included in the iCOGS project were
prioritized for genotyping using the same approach as for the
baseline ENIGMA variant list, with additional variants selected due
to laboratory/bioinformatic evidence for effect on mRNA splicing.
For each variant, a positive control DNA from a variant carrier was
submitted for genotyping to facilitate calling of these rare variants.
Lastly, we included a subset of variants for which multifactorial
likelihood analysis results had previously been published, but the
final classification reported was not “Class 5 Pathogenic” or “Class 1
Not Pathogenic”, and/or LRs were not all visible in the original
publication (Easton et al., 2007; Farrugia et al., 2008; Lindor et al.,
2012). Information from all these sources was collated for a total of
3,295 variants. This amalgamated list of variants was then
circulated by email to ENIGMA consortium members to invite them
to provide additional segregation or pathology information for
inclusion in the analysis. Where relevant, additional nonoverlapping
pathology or segregation information was sourced directly from
publications for inclusion in the analysis. Overall, there were 1,008
informative pathology data points and 895 informative families for
segregation analysis from ENIGMA collaborators, clinical enquiries,
and nonoverlapping publications (see below for further explanation
about LR assignment). After combining all information, at least one
data point was available for 1,395 variants.
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Variant descriptions are in accordance to HGVS recommenda-
tions. Nucleotide numbering corresponds to reference transcripts
NM_007294.3 (BRCA1) and NM_000059.3 (BRCA2). Legacy descrip-
tion is also provided to assist comparison with historical records in
the literature; the nucleotide numbering is from nucleotide one of the
full gene sequence (Genbank: U14680.1/BRCA1; U43746/BRCA2) not
the ATG initiator codon, and BRCA1 exon boundaries are from
GenBank U14680.1 with exon four missing due to a correction made
after the initial description of the gene.
2.2 | Multifactorial likelihood analysis
A Bayesian model was used to combine evidence as previously
described (Goldgar et al., 2008). In brief, the prior probability of
pathogenicity was assigned based on a combination of Align‐GVGD
score and MaxEntScan splicing predictions, overlaid with expert
knowledge incorporating prediction of variant effect on critical
functional protein domains (Tavtigian et al., 2008; Vallee et al., 2016).
Applicable prior probability of pathogenicity predictions for single
nucleotide variants in BRCA1 and BRCA2 are available from the HCI
Database of Prior Probabilities of Pathogenicity for Single Nucleotide
Substitutions (http://priors.hci.utah.edu/PRIORS/). Align‐GVGD does
not score in‐frame insertions and deletions, therefore to estimate
prior probabilities for in‐frame deletion variants studied, we took the
highest Align‐GVGD prior of the deleted bases. There were no in‐
frame exonic insertions included in this study. The higher of the two
priors (missense vs. splicing) was assigned for analysis. Co‐segrega-
tion analysis was performed as described by Thompson et al. (2003)
for each family with more than one individual genotyped for the
variant. Hazard ratio estimates were taken from Antoniou et al.
(2003) for <30, 30–39, 40–49, 50–59, 60–69, 70–79, and 80+ age
brackets. For individuals affected with ovarian cancer at 20–29
years, penetrance for ovarian cancer at age 30–39 was applied due to
a lack of information in the younger penetrance class (Antoniou et al.,
2003). If no age at last update was provided by the submitting center
for unaffected individuals, test date was used to infer current age.
Breast tumor pathology LRs were assigned based on the estimates in
Spurdle et al. (2014), and considered age at diagnosis. When multiple
tumors were present in one individual, the first diagnosed tumor with
information available was taken, and only a single LR was assigned
according to the extent of information available (out of the variables
tumor grade, ER, PR, and HER2), following previous recommenda-
tions (Spurdle et al., 2014). Likelihood ratios for co‐occurrence with a
pathogenic variant (in trans), and reported family history analysis,
were drawn from a previous publication (Easton et al., 2007).
Case‐control data from the iCOGS project were used to estimate LRs
following methods described previously (de la Hoya et al., 2016).
Table S1 summarizes the LRs assigned for each component for
each variant with at least one data point. Prior probabilities and LRs
were combined to calculate posterior probabilities using Bayes rule:
(Prior Probability x Combined LR)/(Prior Probability x [Combined
LR + {1 − Prior Probability}]). Where multiple data points were
available for a single data type, for example, segregation, LRs were
combined multiplicatively. Using variant BRCA1 c.131G>T as an
example: Prior Probability is 0.81; Combined LR is 6,440.7 (based on
LR Segregation (156.17) x LR Pathology (41.24) x LR Co‐occurrence
(a) x LR Family History (a) x LR Case‐Control (a)). Posterior prob-
ability is 0.99996, calculated as (0.81 × 6440.7)/(0.81 × [6440.7 + {1‐
0.81}]). Breakdown of clinical data type contributed, and the data
sources (submitter, publication source), are shown in Table S2.
It has previously been proposed that a combined LR between 0.5
and 2, in particular if derived from a limited number of data points,
provides insufficient observational data to perform a valid integrated
analysis (Vallee et al., 2016). This is in accord with the idea that
ACMG guidelines intrinsically include an indeterminate zone,
between supporting benign and supporting pathogenic, for variants
with insufficient or conflicting evidence for pathogenicity. Following
this rationale, posterior probabilities of pathogenicity were not
calculated for any variant with a combined LR between 0.5 and 2.
Posterior probability of pathogenicity was calculated for a total of
734 variants, and classification assigned based on previously
published cut‐offs proposed for the International Agency for
Research into Cancer (IARC) five tier classification scheme (Plon
et al., 2008), with some modification of terms used to describe tiers
(Spurdle et al., 2019), namely: Class 5 Pathogenic, >0.99; Class 4
Likely Pathogenic, 0.95–0.99; Class 3 Uncertain, 0.05–0.949; Class 2
Likely Benign, 0.001–0.049; and Class 1 Benign, <0.001. The variant
classifications, with breakdown of LR components and sources, have
been submitted to the following databases for public display:
<http://hci‐exlovd.hci.utah.edu/home.php?select_db=BRCA1>
<http://hci‐exlovd.hci.utah.edu/home.php?select_db=BRCA2>
2.3 | Datasets providing information for
comparison and calibration of qualitative
classification criteria
2.3.1 | ClinVar assertions
Variant pathogenicity assertions from ClinVar were taken from the
November 2018 XML file. Summary annotation and individual
submitter annotations are recorded in Table S1 (columns ClinVar
Class Summary, ClinVar Class Details by Submitter). A small number
of variants included had previously been reviewed by the ENIGMA
BRCA1/2 Expert Panel, but these have not been specifically
annotated as the primary purpose of the comparison with ClinVar
assertions was to identify discrepancies with classifications derived
from this updated multifactorial likelihood analysis.
2.3.2 | mRNA splicing assay data
Published mRNA splicing assays of BRCA1 and BRCA2 variants were
collated for a previous ENIGMA project (Walker et al., 2013), a
resource which has been updated over time. Details of transcripts
observed were recorded, and nomenclature errors for variant and
transcripts corrected as necessary. We matched these results against
the 1,395 variants included in this study (Table S1). Assays that
provided variant allele‐specific transcript results from patient‐derived
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mRNA were noted as being eligible for assessment according to the
ENIGMA classification guidelines, and effect on mRNA splicing was
coded as none, partial, or complete (column Coded Splicing Effect). All
other assay results (including additional assays of patient mRNA that
did not measure allele‐specific expression, and construct‐based
assays), were noted as to whether the variants were reported to
impact mRNA splicing profile or not (column Allele‐Specific Splicing
Result Summary). To simplify comparison with broad ACMG code
description, the relationship of aberrant transcript/s to protein effect
that is premature termination, disruption of clinically important
residues was not captured in the mRNA effect codes. Further, to limit
these LR measures to variant effect on mRNA splicing only, variants
classified as (Likely) Pathogenic that had high bioinformatic prediction
of effect on amino acid sequence were presumed to confer
pathogenicity via effect on protein function, and excluded from the
reference set for derivation of the mRNA splicing LRs. See Table S3 for
details of the variants included in mRNA splicing subanalysis, and code
assignments.
2.3.3 | Protein functional assay data
Seven relatively recent publications, providing results from different
mammalian‐based assays of protein function, were chosen for
comparison with classifications arising from multifactorial analysis.
Five publications were from ENIGMA members and incorporate
known pathogenic and known benign missense BRCA1 or BRCA2
variants as controls, permitting estimation of sensitivity, and
specificity of missense variant pathogenicity: (a) region‐limited
construct‐based transcriptional activation assays of missense var-
iants located across the BRCA1 Coiled Coil, BRCT1, Linker, and
BRCT2 domains (Fernandes et al., 2019); (b) full‐length complemen-
tary DNA (cDNA) construct‐based homologous recombination DNA
repair assays of missense variants in the BRCA2 C‐terminal DNA
binding domain (Hart et al., 2019); (c) a mouse embryonic stem cell‐
based assay of BRCA1 variants assessing the ability of full‐length
human BRCA1 cDNA to complement reduced cell proliferation
following deletion of a conditional mouse Brca1 allele, and cisplatin
sensitivity (Bouwman et al., 2013); (d) a mouse embryonic stem cell‐
based assay of BRCA2 variants assessing the ability of full‐length
genomic human BRCA2 to complement loss of cell viability following
deletion of a conditional mouse Brca2 allele, and follow‐on homo-
logous recombination assays of BRCA2‐expressing cells that are able
to complement cell lethality (Mesman et al., 2019); and (e) analysis of
homologous recombination for BRCA1 BRCT missense variants
expressed in mammalian cells as BRCT1–BRCT2 clones into pcDNA3
(modified)‐full‐length Brca1, followed by measures of human BRCA1
BRCT1–BRCA2 domain solubility (assayed in bacterial cells), and
phosphopeptide‐binding properties of the purified BRCT domain
variants in vitro (Petitalot et al., 2019). These selected studies were
the most recent publications arising from these research groups, and
incorporated research results from any prior publications from that
group. Two additional publications were selected as they provide
results from high‐throughput multiplex assays. The first was a
multiplex reporter assay characterizing the effects of 1,056 amino
acid substitutions in the first 192 residues of BRCA1 on homology‐
directed repair of double strand breaks (Starita et al., 2018). The
second was a high‐throughput saturation genome editing haploid cell
survival assay, measuring functional effect for single nucleotide
variants in 13 BRCA1 exons covering key functional domains (Findlay
et al., 2018): targeted genomic DNA sequencing and RNA sequencing
were used to quantify variant abundance and infer effect on BRCA1
function overall (DNA sequencing), and via effect on mRNA
production (RNA sequencing); function scores for different exons
were normalized by matching median scores for synonymous and
nonsense variants to global medians for these variant types. The
assay design for five of the seven studies permitted assay of effect on
protein only, and not mRNA levels or splicing. We thus excluded
“missense” variants that were known to alter mRNA levels or splicing,
or were located in the splicing motifs at the start/end of exons, such
that comparisons with results from functional studies should all be
limited to measures of variant effect on protein only. Effect on
function as assigned by the original publication was recoded into one
of three tiers (complete, partial, or no functional impact). A total of
77 unique variants assayed by at least one study were available for
comparison with multifactorial likelihood classifications. See Table S4
for details of the variants and functional code assignments. For
Mesman et al. (2019), results from complementation and homologous
recombination assay combined were used to assign final functional
effect as per recommendations from those authors. For Petitalot
et al. (2019), functional classification was based on a combination of
homologous recombination, BRCT solubility, and phosphopeptide
binding (from their own study and also reports in the literature), as
detailed in Table 1b of the publication (Petitalot et al., 2019).
2.3.4 | Reference population frequency data
Population frequency data were downloaded from the Genome
Aggregation Database (gnomAD non‐cancer v2.1 dataset; gnomad
.broadinstitute.org). Three large in‐frame deletion variants classified as
Pathogenic were excluded from the population frequency LR estima-
tion analysis, as frequencies are not provided by gnomAD for variants
of this type. No large deletion variants were classified as (Likely)
Benign. As an exercise to compare the validity of gnomAD as a
“control” reference dataset, we also compared the frequency of 17
variants detected at allele frequency <1% in European ancestry breast
cancer‐free controls (n = 38,694) genotyped as part of iCOGS, to
frequencies for the same variants observed in (a) non‐Finnish
Europeans from gnomAD (maximum n = 59,073, from genome and
exome data combined), and (b) European aged (>70 year old) cancer‐
free control from the FLOSSIES dataset (n = 7,325; https://whi.color.
com/). Our comparisons of variant frequency in gnomAD to those of
“true” controls of European ancestry (Table S5) indicated that variants
were more likely to be absent from the smaller FLOSSIES dataset (only
6/17 variants were observed), whereas the frequency category based
on the gnomAD non‐Finnish Europeans was the same as that for
iCOGS European ancestry controls for all 17 variants. The FLOSSIES
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African dataset provides allele frequencies based on 2,559 individuals
(5,118 alleles), which is considerably smaller than the gnomAD African
dataset. For this reason we opted to use only gnomAD outbred (non‐
founder) sample sets (non‐Finnish European [15,316–118,174],
African [8,664–23,620], Latino [22,398–35,108], South Asian
[21,600–30,526], East Asian [14,012–19,252]) to determine the
highest minor allele frequency observed based on exome and genome
data combined. Variants observed only once across all five outbred
sample sets were annotated as such for frequency LR estimation
(Table S1). Variants absent from all five outbred sample sets, but
present once in Finnish or Ashkenazi Jewish sample sets were
excluded from the frequency LR estimation (noted as “NA” in column
“Frequency Category Assigned for LR derivation” in Table S1).
Designation of LRs to ACMG/AMP rule code strengths were
based on LR ranges recently proposed as consistent with ACMG/
AMP qualitative rule strengths for future classification in a Bayesian
framework (Tavtigian et al., 2018). Namely: supporting evidence for
pathogenicity, LR 2.08–4.3; moderate evidence for pathogenicity, LR
4.3–18.7; and strong evidence for pathogenicity; LR 18.7–350. LRs
ranges for Benign code strengths were calculated as the inverse of
the ranges proposed for Pathogenic code strengths.
3 | RESULTS AND DISCUSSION
An IARC class informative for clinical management (Class 1 Benign,
Class 2 Likely Benign, Class 4 Likely Pathogenic, or Class 5 Pathogenic)
was reached for 541/734 (74%) of the 734 variants considered to have
sufficient information to inform calculation of a posterior probability of
pathogenicity (Table S1). The remaining 193/734 variants fell within the
wide range of 0.05–0.95 considered inconclusive of variant pathogeni-
city (Class 3 Uncertain). Overall, only 54 of the 541 variants with
posterior probability assigned have previously been assessed using the
multifactorial likelihood approach, and in some instances the clinical
evidence included previously did not pass thresholds that have since
been set for combined LR (between 0.5 and 2) considered informative
for quantitative analysis (see Methods). Of the 541 variants falling
outside of Class 3 Uncertain, 67 (9% of the 734 assessed) had a
posterior probability of pathogenicity > 0.99 (Class 5 Pathogenic), and
27 (4%) had a posterior probability of pathogenicity > 0.95 (Class 4
Likely Pathogenic), classifications which directly influence management
of variant carriers and their relatives (Table 1), with 447 (61%) classified
as (Likely) Benign. These findings are consistent with the knowledge
that the majority of missense and intronic variants in these genes will, a
priori, not be associated with a high risk of cancer as they fall outside of
or are unlikely to impact BRCA1 or BRCA2 protein functional domains.
Further, we draw attention in particular to two variants (BRCA2
c.516+1G>T and BRCA2 c.7007+1G>C) demonstrating differences
between multifactorial likelihood‐based analysis and the current
iteration of ENIGMA “rules‐based” qualitative assessment based on
mRNA splicing assay data from patient material (Houdayer et al.,
2012; Whiley et al., 2011). The splicing assay data, albeit not allele‐
specific, indicate that both variants impact splicing profile. According
to ENIGMA qualitative classification criteria, the BRCA2 c.516+1G>T
(intron 6) and BRCA2 c.7007+1G>C (intron 13) variants would be
classified as Class 4 Likely Pathogenic based on their location in a
donor dinucleotide ‐ in the absence of conflicting information.
Despite the high prior probability of 0.97 based on bioinformatic
prediction, the clinical information included in this study provided
sufficient evidence against pathogenicity that the posterior prob-
ability fell below 0.95 (0.81 for BRCA2 c.516+1G>T, 0.78 for BRCA2
c.7007+1G>C). For BRCA2 c.7007+1G>C, the variant was identified
in the breast cancer affected proband but not in the one affected
relative tested. For BRCA2 c.516+1G>T, only two of four affected
relatives tested were carriers. Although both variants have been
submitted to ClinVar as pathogenic by multiple submitters; summary
evidence was provided for only one assertion for BRCA2
c.7007+1G>C, and refers to variant location and splicing assay data
with no additional clinical details. Interestingly, unpublished results
from mouse embryonic stem cell assays M.P.G. Vreeswijk (personal
communication, 22 January 2019) indicate that BRCA2 c.7007+1G>C
has a severe impact on function as measured by failure to
complement the lethal cell phenotype, whereas BRCA2 c.516+1G>T
does not have a severe impact on function (complementation; 56%
HDR capacity, within the range for variants previously placed in Class
1/2 by multifactorial likelihood analysis). The combined observations
for these two variants raise the complex issue of what constitutes
sufficient conflicting information when assigning a qualitative
classification, or perhaps even in the context of LRs included in a
quantitative classification calculation. The current classification in
ClinVar as Likely Pathogenic would appear to be consistent with
ACMG‐derived classifications used in clinical practice, but we
strongly recommend prioritized collection of additional clinical,
splicing and functional data to provide more extensive information
in support of assertions for these two variants.
Overall, comparison of classes assigned by multifactorial like-
lihood analyses and pathogenicity assertions in ClinVar revealed that
of the 94 variants classified as (Likely) Pathogenic by multifactorial
likelihood analysis conducted in this study, 80 have at least one
assertion as (Likely) Pathogenic, seven are Uncertain, and seven are
currently not in ClinVar; that is none were submitted as (Likely)
Benign. Of the 447 variants classified as (Likely) Benign using
multifactorial analysis, 212 have at least one assertion as (Likely)
Benign, 234 were either uncertain in or absent from ClinVar, and the
remaining variant BRCA1 c.5453A>G p.(Asp1818Gly) is actually a
spliceogenic variant with four assertions as (Likely) Pathogenic. The
explanation for this discrepancy is detailed below. Altogether, these
results can now be used to contribute to ENIGMA expert panel
classification of 541 variants, 248 of which are new or considerably
altered compared to current submissions to ClinVar.
3.1 | Correlation of multifactorial likelihood
classifications with splicing assay data
Current ENIGMA BRCA1/2 classification criteria for spliceogenic
variants, consistent with those of the InSiGHT Consortium developed
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for classification of mismatch repair gene variants (Thompson et al.,
2014), present stringent recommendations for use of mRNA splicing
data for variant interpretation (https://enigmaconsortium.org).
Namely, a variant is only considered pathogenic on the basis on
mRNA splicing data if there is no predicted functional transcript
produced from the variant allele, as determined by assays of patient‐
derived mRNA that have assessed allele‐specific expression of
alternate transcripts. This stipulation is not specified for ACMG/
AMP classification codes using splicing data (PS3, well‐established in
vitro or in vivo functional studies supportive of a damaging effect on
the gene or gene product).
We undertook a comparison of multifactorial model classifica-
tions against published splicing assays results (including assays of
patient material and construct‐based assays) to calibrate use of
splicing assay data for use as weighted information for qualitative
classification, based on the LR ranges recently proposed as consistent
with ACMG/AMP qualitative rule strengths for future classification
in a Bayesian framework (Tavtigian et al., 2018). Of the variants
falling outside of Class 3 Uncertain in this analysis, 99 had mRNA
splicing data available, 25 of which had been assessed using allele‐
specific assays of mRNA from patient tissue. By comparing splicing
effect to classifications derived from this study, we estimated a LR
towards pathogenicity based on effect on mRNA splicing (Table 2;
Table S3 for additional details). The very limited number of allele‐
specific assays did not allow for robust estimates of LRs, with the
confidence intervals for LRs estimated for both partial and complete
effect on splicing including unity. Nevertheless, results support the
hypothesis that partial effect on splicing will not be as strongly
predictive of pathogenicity as is complete effect on splicing (LR 3.82
vs. LR 6.36 from this analysis). Including all assay results, no effect on
splicing provided strong evidence against pathogenicity (LR 0.02),
whereas any impact on splicing (without measurement of allele‐
specific effects, or consideration of in‐frame transcripts) provided
moderate evidence for pathogenicity (LR 12.24). Recognizing the
small sample sizes, and consequently large confidence limits, these
results nevertheless demonstrate the value of mRNA splicing assays
as a component in qualitative variant classification. We also highlight
the possibility that there is likely to be considerable bias in variants
selected for mRNA assays, with over‐representation of variants
at the highly conserved donor and acceptor dinucleotides, positions
that, when altered, are likely to impact splicing more severely than
spliceogenic variants located at other positions. We thus stress the
importance of incorporating allele‐specific expression assays into
variant evaluation processes wherever possible, and to revisit such
analysis with larger datasets in the future. We also recommend that
future larger‐scale comparisons to derive LRs for splicing assay data
should consider in greater detail the predicted impact of the aberrant
mRNA profiles on protein function, and in particular consider the
relevance of in‐frame isoforms that could be translated to result in
(partially) functional protein. Further, as both partial mRNA splicing
and in‐frame transcripts may be associated with reduced cancer
penetrance that is not inherently captured by the design of the
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necessary to tease out which such spliceogenic variants are indeed
risk‐associated, and if this level of risk is clinically actionable.
We then considered qualitative classification based on mRNA
splicing results for all variants with a multifactorial likelihood
calculation that is including Class 3 Uncertain variants (See Table S1,
columns Splicing Results/s and Allele‐Specific Assay). Following
ENIGMA BRCA1/2 qualitative classification criteria (http://
enigmaconsortium.org/), there were 15 variants that could be
interpreted as Pathogenic based on splicing, that is no predicted
functional transcript produced from the variant allele; of these,
multifactorial data classified five as (Likely) Pathogenic, five as
Uncertain, whereas four had insufficient data to perform a calculation.
BRCA1 c.5453A>G was the only variant with truly discordant
classification between splicing results (Class 5 Pathogenic) and
multifactorial data analysis (Class 2 Likely Benign); the multifactorial
classification was based on low prior probability of 0.03 for the
presumed missense substitution Asp1818Gly, one pathology data
point (LR 0.34), and relatively uninformative co‐occurrence (LR 1.12)
and family history (LR 0.91) data. This variant highlights a recognized
limitation of current bioinformatic predictions used in the multi-
factorial analysis; the variant alters splicing by modifying an exonic
splice enhancer (ESE; Rouleau et al., 2010). There are currently no
bioinformatic prediction tools with adequate sensitivity and specificity
to predict ESE loss or gain with any reliability, and this mechanism has
thus not yet been incorporated into bioinformatic prior probability
estimation. Although results from splicing assays can obviously add
value for such examples, the poor predictability of ESEs and effects of
variation on ESE function, hinders the prioritization of ESE‐altering
variants for splicing assays. We reiterate that the Class 2 Likely Benign
tier implicitly allows for a 5% error rate in classification, and resources
permitting, we would encourage additional data collection for all
variants falling in this tier. Moreover, future inclusion of a LR derived
for splicing impact as a component of the multifactorial likelihood
analysis, where such splicing information is available, would likely shift
the posterior probability for such variants into the range of Class 3
Uncertain and so prevent overt misclassification driven by
bioinformatic prediction deficiencies. At this point in time, we would
encourage additional clinical data collection for BRCA1 c.5453A>G to
confirm that the clinical phenotype is consistent with a Class 5
Pathogenic assertion based on splicing data only.
3.2 | Correlation of multifactorial likelihood
classifications with protein functional assay data
Functional assays are considered strong evidence for or against
pathogenicity using ACMG/AMP codes PS3 and BS3 (well‐estab-
lished in vitro or in vivo functional studies show (damaging/no
damaging) effect on gene or gene product). A range of different
assays have been used to assess effect of BRCA1 and BRCA2 variants
on protein function, some limited to measuring impact on function of
variants within a specific domain, and others measuring output
relevant to a variant located anywhere in the coding region. To
assess the strength of this evidence as a predictor of the clinical
significance of anticipated missense BRCA1 and BRCA2 variations, it
is important to consider several factors. Sensitivity and specificity of
assays should be determined using missense variants that have
previously been determined to be pathogenic or benign (Guidugli
et al., 2014; Millot et al., 2012); that is assay profiles for truncating
variants may not be appropriate to measure loss of function
displayed by pathogenic missense variants. To prevent circularity,
functional assay results should not have contributed to the
classification of these “control” missense variants, as may be the
situation for variants submitted to ClinVar as pathogenic. An
additional factor to consider, but not addressable at this point in
time, is that there are few BRCA1/2 variants robustly proven to be
associated with moderate risk of cancer. There is thus a paucity of
controls to calibrate assay results to detect moderate‐risk variants.
Moderate‐risk variants are intuitively expected to have less impact
on function than variants associated with a high cancer risk
comparable to that of the average truncating allele, and severity of
their impact on function may differ depending on the specific protein
effects measured (Lovelock et al., 2007).
TABLE 2 Splicing effect reported for variants classified as (Likely) Benign or (Likely) Pathogenic using multifactorial likelihood analysisa
Splicing effect




interval)n % n %
Assays measuring allele‐specific expression
None 11 78.57 0 9.09b 0.12 (0.02–0.76)
Partial 2 14.29 6 54.55 3.82 (0.95–15.36)
Complete 1 7.14 5 45.45 6.36 (0.86–46.86)
Total 14 11
All splicing results
None 46 92.00 0 2.04b 0.02 (0.01–0.15)
Any impact 4 8.00 49 97.96 12.24 (4.78–31.35)
Total 50 49
aSee methods for overview of sources of mRNA splicing information, and categorization of splicing effect. Also see Table S3 for details of variants
included in comparison.
bPercentage is calculated assuming a single variant in this category, and thus provides a conservative estimate of the LR.
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For this reason, we compared our multifactorial analysis results
for missense variants classified outside of Class 3 Uncertain to
results from selected published functional assays (also see Methods).
Briefly, these included: (a) domain‐specific or generic assays
assessing variant effect on protein function, and calibrated against
missense variants previously classified as pathogenic or benign using
multifactorial likelihood analysis that is using bioinformatic and
clinical information (Bouwman et al., 2013; Fernandes et al., 2019;
Hart et al., 2019; Mesman et al., 2019; Petitalot et al., 2019); and (b)
multiplex reporter assays (Findlay et al., 2018; Starita et al., 2018)
reported to have reasonable to good sensitivity and specificity by
comparison to ClinVar classifications (including truncating, splicing,
and missense variants). There were 16 (Likely) Pathogenic and 61
(Likely) Benign variants with a protein functional assay result from at
least one study (Table 3; Table S4 for additional details). All 56
variants reported to have no functional impact were classified as
(Likely) Benign, as were the four of five variants demonstrating
partial function in at least one assay. The fifth variant BRCA1
c.5216A>T p.(Asp1739Val) was classified as Likely Pathogenic based
on posterior probability of 0.97. As outlined in Supp Table S4, this
missense substitution variant was reported to have complete loss of
function using transcription activation and cell survival assays, but
partial activity by Petitalot et al. (2019); the latter categorization was
based on the combination of somewhat decreased solubility,
decreased BACH1 binding (reported in yet another publication, Lee
et al. (2010)), and normal homologous recombination and localization
(Petitalot et al., 2019). Of the 16 variants reported to impact function
completely (and with no evidence otherwise by another of the
functional studies selected), 15 were classified by multifactorial
likelihood analysis as (Likely) Pathogenic, and the other as
(Likely) Benign. Of note, the latter variant BRCA2 c.8351G>A
p.(Arg2784Gln) did complement lethality in the mouse embryonic
stem cell assay (Mesman et al., 2019), but was coded as impacting
function based on homologous recombination assay results from the
same study (Mesman et al., 2019), and was reported to impact
homologous recombination in an independent study (Hart et al.,
2019). We note that for the two exceptions highlighted
(BRCA1 c.5216A>T, BRCA2 c.8351G>A), the results from survival
assays were concordant with the multifactorial likelihood classification.
Considering results overall, we estimated a LR towards pathogenicity
based on assays of protein function from at least one study (Table 3).
Acknowledging the caveat of small sample sizes, and at least one
observation (and thus liberal frequency estimates) assumed for cells
without counts, our results support use of functional assay data as
moderate or strong evidence in determining pathogenicity assertions for
missense variants. Specifically, complete impact on function with no
conflicting evidence is strongly predictive of missense variant pathogeni-
city (estimated LR 57.19, lower confidence bound 8.15). No impact on
protein function provides moderate evidence against missense variant
pathogenicity (LR 0.07 with upper bound 0.45, equating to an LR of 15.26
against pathogenicity). The results confirm the value of results from these
selected protein functional assays as a component in qualitative
classification of missense variants. They also stress the importance of
considering discordances across different assay methods as an approach
to select individual variants for further consideration as potential
moderate‐risk variants, variants that may not always be detectable as
risk‐associated using statistical models developed for high‐risk variants.
Further, as noted before, the BRCA1/2multifactorial model is designed to
capture clinical features of patients with the average high‐risk pathogenic
variant, and we cannot exclude the possibility that some variants
demonstrating impact on function (partial, or even complete for at least
one assay type) are moderate‐risk alleles. It will thus be important to
prioritize variants such as BRCA1 c.5216A>T p.(Asp1739Val) and BRCA2
c.8351G>A p.(Arg2784Gln), where some functional data conflict the
clinical information data (thereby arguably considered Uncertain accord-
ing to ACMG/AMP qualitative criteria) for further study as potential
moderate‐risk variants.
3.3 | Correlation of multifactorial likelihood
classifications with frequency in reference population
datasets
Variant frequency in disease‐free controls can be used to provide
evidence against pathogenicity, and indeed minor allele frequency
TABLE 3 Functional effect reported for missense substitution variants classified as (Likely) Benign or (Likely) Pathogenic using multifactorial
likelihood analysisa
Protein functional effect in at least 1
studyb




interval)n % n %
None 56 91.80 0 6.25c 0.07 (0.01–0.45)
None/partial 3 4.92 0 N/A
Partial 1 1.64 0 N/A
Partial/complete 0 1 6.25 N/A
Complete 1 1.64 15 93.75 57.19 (8.15–401.14)
Total 61 16
aExcludes missense variants shown to be associated with altered mRNA splicing, or with reduced/absent mRNA expression from survival assays. See
Table S4 for details of variants included in comparison.
bFunctional impact codes assigned based on effect description as originally published. See Table S4 for more details.
cPercentage is calculated assuming a single variant in this category, and thus provides a conservative estimate of the LR.
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(MAF) > 1% in a nonfounder population is considered stand‐alone
evidence against pathogenicity for BRCA1/2 variants by the ENIGMA
consortium. An algorithm to define a “maximum credible population
allele frequency” (Whiffin et al., 2017) has been proposed as a
method to select MAF cut‐offs as evidence against pathogenicity, and
indeed was used as a basis to select relevant minor allele frequency
cut‐offs for the PTEN and CDH1 adaptations of ACMG/AMP rule
codes BA1 (stand‐alone) and BS1 (strong) evidence against patho-
genicity, described as “allele frequency is greater than expected for
the disorder.” The output of this algorithm can vary widely depending
on input assumptions for disease penetrance and prevalence of the
disorder, and is complicated for multicancer syndromes where
penetrance varies for cancer type and even cancer subtype. Further,
absence from control datasets has been proposed as moderate
evidence for variant pathogenicity (ACMG/AMP rule code PM2).
The most commonly used “control” reference sets (ExAC, and
more recently gnomAD) include males and females that were
ascertained for noncancer related studies mostly at ages younger
than the average age at onset of BRCA1/2‐related breast or ovarian
cancer, but individual‐level information about cancer phenotypes is
not available. Even assuming that these reference sets are largely
cancer unaffected, it must be considered that penetrance in female
pathogenic variant carriers for breast cancer is not complete, and
much lower for male carriers. Indeed, known pathogenic BRCA1/2
variants have been identified in these population control sets, even
after accounting for “founder” pathogenic variants (Maxwell, Dom-
chek, Nathanson, & Robson, 2016). As a result, the current ENIGMA
BRCA1/2 classification guidelines used empirical data to select
frequency cut‐offs for qualitative classification criteria (https://
enigmaconsortium.org/). Specifically, allele frequency ≥ 0.001 and <
0.01 in large outbred control reference groups was selected as a
component of evidence against pathogenicity, based on the upper
95% confidence interval (binomial Exact) of the frequency observed
for the most common pathogenic allele in non‐Finnish European and
other population groups drawn from ExAC and gnomAD. The
absence from controls has not yet been incorporated into the
ENIGMA BRCA1/2 guidelines.
To determine the utility of variant frequency in (or absence from)
reference population sets for future BRCA1 and BRCA2 variant
classification, and to formally assess the strength of this evidence, we
estimated a LR based on MAF in gnomAD v2.1 (noncancer), and
considered them against LR cut‐offs suggested for ACMG/AMP rules
(Tavtigian et al., 2018). Results are shown in Table 4. We considered
variants observed only once across all sample sets reviewed as a
separate category (see Methods), and categorized the remaining
variants into three MAF bins: 0.01 >MAF ≥ 0.0001; 0 <MAF <
0.0001; and not observed. The proportion of variants seen only
once across all five sample sets was 13.32% for (Likely) Benign
variants compared with 8.99% for (Likely) Pathogenic Variants, which
equates to an LR of 0.67, considered uninformative for pathogenicity
prediction. Variants classified as (Likely) Benign were spread
relatively evenly across the frequency categories, whereas (Likely)
Pathogenic variants were only seen at MAF < 0.0001, and the vast
majority (88%) were not seen in population controls. Assuming
conservatively a single (Likely) Pathogenic variant to fall in the
category “ ≥ 0.0001 & < 0.01,” the LR estimate is 0.05, equating to an
LR of 22.10 (3.12–156.21) against pathogenicity, considered strong
evidence that a variant is benign. The estimated LR against
pathogenicity for a variant seen in gnomAD at MAF < 0.0001 is
7.97 (2.59–24.50), which meets moderate evidence against patho-
genicity. Last, the estimated LR towards pathogenicity for a variant
not detected in gnomAD is 2.50 (2.16–2.91), corresponding to
supporting evidence in favor of pathogenicity; these findings suggest
that whereas “absence in controls” may be useful for BRCA1/2
variant classification, such evidence should carry less weight than the
PM2 moderate code proposed by ACMG/AMP for generic use.
Overall, these findings, based on empirical data, have utility to
inform the ongoing adjustment of the ENIGMA BRCA1/2 guidelines.
Use of these frequency cut‐offs for variants designated in this study
(Table S1) as Class 3 Uncertain or with posterior probability not
calculated, suggests strong evidence against pathogenicity for 98
variants, moderate evidence against pathogenicity for 147 variants,
and supporting evidence in favor of pathogenicity for 468 variants. It
is relevant to acknowledge that some variants detected in public
databases ‐ and also in clinical datasets ‐ may be somatic rather than
germline in origin, arising due to clonal hematopoiesis of indetermi-
nate potential. However, the proportion of variants arising due to
this mechanism is expected to be rare for BRCA1 and BRCA2
(estimated as < 0.2% of all pathogenic variants in one study of
>200,000 cancer gene tests (Coffee et al., 2017)), and we would also
TABLE 4 Frequency in reference population control sets for variants classified as (Likely) Benign or (Likely) Pathogenic using multifactorial
likelihood analysisa
(Likely) benign (Likely) pathogenic LR towards (95% confidence
Frequency category n % n % pathogenicity interval)
Single observation 59 13.32 8 8.99 0.67 (0.33–1.36)
≥ 0.0001 & < 0.01 110 24.83 0 1.12b 0.05 (0.01–0.32)
> 0 & < 0.0001 119 26.86 3 3.37 0.13 (0.04–0.39)
Not observed 155 34.99 78 87.64 2.50 (2.16–2.91)
Total 443 89
aSee methods for details of control datasets and assignment of frequency category.
bPercentage is calculated assuming a single variant in this category, and thus provides a conservative estimate of the LR.
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anticipate that the majority of such variants would be filtered out by
generic allele fraction cut‐offs used by sequencing pipelines set up to
detect true germline variants.
3.4 | Caveats, considerations, and conclusions
This study is the largest presentation of multifactorial likelihood
analysis to date. Although we mined existing public data and
requested clinical data for calculations from more than 300
individuals on the ENIGMA mailing list, we recognize that the
classifications assigned may alter with addition of data from other
sources, and/or with the application of qualitative classification
criteria. Efforts to collate information in a transparent manner that
retains patient confidentiality, and within the bounds of ethical
constraints, remain a challenge. As one step towards transparency,
we present summary estimates of LRs for the individual components
included in the analysis, and the sources of the different information
types. Further discussion, and probably technical developments, will
be required to determine how more detailed information, for
example, segregation scores for individual families, may be presented
for future large‐scale studies.
A prepublication iteration of the classification dataset was used
as a reference set for the Critical Assessment of Genome
Interpretation (CAGI) 5 experiment, results from which are pre-
sented in this same Journal issue (Cline et al., ). Comparison of various
different prediction methods from six different teams highlighted
that prediction of mRNA splicing is an important inclusion in variant
interpretation algorithms, and also indicated that variant interpreta-
tion may be improved by incorporating amino acid accessibility as a
component of bioinformatic prediction of variant effect. It also
showed that use of clinical information, when available, provides
significant improvements to variant classification over purely
bioinformatic approaches. In addition to the CAGI 5 experiment,
we chose to use an updated dataset for calibration of isolated data
types commonly used as components of qualitative classification
approaches. Specifically, the variant classifications from multifactor-
ial likelihood analysis were derived without use of laboratory splicing
and functional data, or variant frequency in outbred reference
populations. This allowed us to estimate independent LRs for or
against pathogenicity for these evidence types, with several
purposes: to assess the validity of ACMG/AMP code strengths
proposed for these evidence types when applying them to classifica-
tion of BRCA1/2 variants; to justify specific ENIGMA BRCA1/2
classification criteria incorporating population frequency or mRNA
splicing data; to provide guidance on incorporation of BRCA1/2
protein functional assay data, to assess BRCA1/2 predicted missense
variants specifically, in quantitative or qualitative (rules‐based)
classification models. We acknowledge that further analyses are
necessary before such LR estimations be formally reviewed and
incorporated into guidelines for BRCA1/2 Expert Panel variant
interpretations. Namely, it will be important to investigate LR
estimations with additional variants that have been previously
assessed using the multifactorial likelihood approach, and to derive
LRs separately for BRCA1 and BRCA2 given differences in the
penetrance for truncating variants in these two genes and the
potential for differences in sensitivity and specificity of different
laboratory assays to detect impact on function. Nevertheless, we
note that, despite the fact that known BRCA1/2 pathogenic variants
are seen in reference population datasets, and acknowledging
reservations that absence in control populations overall is not a
predictor of variant pathogenicity, it appears that this feature does
have value for examining the clinical relevance of rarer variants
presenting for assessment at this point in time; that is, accounting for
the fact that “known pathogenic” variants observed in control
datasets are more likely to have already been observed in the
clinical setting and already classified using other information types.
This observation highlights issues around constancy of evidence
strengths over time, and indicates that it will be important to
reconsider such analysis periodically to re‐estimate LRs and
corresponding rule strengths as the pool of variants remaining to
be classified alters over time. Following this line of thought, it will be
important that estimates of prior probability based on bioinformatic
predictions are re‐estimated using updated datasets that reflect
changed variant pools, and altered patient ascertainment in the era
of multigene panel testing. Results arising from the CAGI 5
experiment (Cline et al., ), and other similar studies, are likely to
inform development of such bioinformatic methods.
In summary, we have used the multifactorial likelihood analysis
approach to generate 248 new or considerably altered BRCA1/2
variant classifications, information that is relevant for medical manage-
ment – including determining patient eligibility for screening or PARPi
treatment, and cascade testing of their relatives. We have also shown
the value of this dataset for confirming existing ClinVar assertions, and
for calibration of additional data types useful for variant interpretation.
We have provided as supplementary information details regarding data
sources and likelihood scores for all variants investigated, so providing
a resource that will facilitate continued assessment of variants as
additional information accrues, and further calibration of new lines of
evidence relevant for variant interpretation.
ACKNOWLEDGMENTS
We acknowledge ENIGMA members for discussions and feedback
relevant to variant classification activities, in particular members of
the ENIGMA BRCA1/2 variant classification committee and the
Dutch and Belgian hereditary breast cancer gene variant classifica-
tion committee. We thank Liying Zhang and Judy Garber for their
input to this study. This study included data accessed from kConFab
(approved project #21). We wish to thank Heather Thorne, Eveline
Niedermayr, Sharon Guo, all the kConFab research nurses and staff,
the heads and staff of the Family Cancer Clinics, and the Clinical
Follow Up Study for their contributions to this resource, and the
many families who contribute to kConFab. We thank Douglas Easton,
Manjeet Bolla, and the Breast Cancer Association Consortium
(BCAC) for access to results generated as part of iCOGS. Individual
BCAC studies and funders as listed the following publications are
1574 | PARSONS ET AL.
acknowledged for their contributions ‐ Michailidou, K. et al. (2013)
“Large‐scale genotyping identifies 41 new loci associated with breast
cancer risk” and Michailidou, K. et al. (2015) “Genome‐wide
association analysis of more than 120,000 individuals identifies 15
new susceptibility loci for breast cancer”. EI Palmero (Barretos
Cancer Hospital) thanks members of the Center of Molecular
Diagnosis, Oncogenetics Department and Molecular Oncology
Research Center of Barretos Cancer Hospital for their contributions
to the study. H. Nevanlinna (Helsinki University Hospital) thanks
Salla Ranta for her contribution to the study. Luigi Mori from NICEST
(Network of Italian Collaborators to ENIGMA Studies and Trials),
wishes to thank Chiara Barisani, who is supported by Fondazione
Beretta, for technical advice. Ohio State University: The research of
A Toland was supported by the Ohio State University Comprehen-
sive Cancer Center. Leigha Senter, Kevin Sweet, Caroline Craven,
Julia Cooper, and Michelle O’Conor were instrumental in accrual of
study participants, ascertainment of medical records and database
management. S. Gutiérrez‐Enríquez and Orland Diez (Vall d’Hebron
Institute of Oncology) thanks the Cellex Foundation for providing
research facilities and equipment.
FUNDING
kConFab and kConFab Clinical Follow Up Study: National Breast
Cancer Foundation (Australia), National Health and Medical Re-
search Council (NHMRC), Queensland Cancer Fund, Cancer Councils
of New South Wales, Victoria, Tasmania and South Australia, Cancer
Foundation of Western Australia, and Cancer Australia.
BCAC and iCOGS: Cancer Research UK (grant numbers C1287/
A16563, C1287/A10118, C1287/A10710, C12292/A11174, C1281/
A12014, C5047/A8384, C5047/A15007, C5047/A10692, C8197/
A16565), the European Unions Horizon 2020 Research and Innovation
Programme (grant numbers 634935 and 633784 for BRIDGES and
B‐CAST respectively), the European Communitys Seventh Framework
Programme under grant agreement no. 223175 (HEALTHF2–2009‐
223175) (COGS), the National Institutes of Health (CA128978) and
Post‐Cancer GWAS initiative (1U19 CA148537, 1U19 CA148065‐01
(DRIVE), and 1U19 CA148112 ‐ the GAME‐ON initiative), the
Department of Defence (W81XWH‐10‐1‐0341), and the Canadian
Institutes of Health Research CIHR) for the CIHR Team in Familial
Risks of Breast Cancer (grant PSR‐SIIRI‐701).
QIMR Berghofer Medical Research Institute: MT Parsons is
supported by a grant from Newcastle University, UK E Tudini was
supported by a grant from the National Health and Medical Research
Council (NHMRC, ID1104808). AB Spurdle is supported by NMHRC
Senior Research Fellowship ID 1061778.
Barretos Cancer Hospital: The research of EI Palmero was
supported by Barretos Cancer Hospital, FINEP ‐ CT‐INFRA (02/
2010). EI Palmero and RM Reis receive a National Council of
Technological and Scientific Development (CNPq) scholarship.
Dutch/Belgian Consortium: The work of MPG Vreeswijk was
financially supported by the Dutch Cancer Society KWF
(UL2012–5649 and KWF/Pink Ribbon‐11704). SMoghadasi was
supported by the Netherlands Organization for Scientific Research
(NWO), research program Mosaic (Grant 017.008.022) and Van de
Kampfonds from Leiden University Medical Centre (Grant 30.925).
French UNICANCER Genetic Group (http://www.unicancer.fr/
recherche/les‐groupes‐recherche/groupe‐genetique‐et‐cancer‐ggc):
S. M. Caputo is supported by the French National Institute of Cancer
for the curation of the BRCA1/BRCA2/PALB2 variant database. Astra
Zeneca contributes financially to the COVAR study.
Fundación Pública Galega Medicina Xenómica: A. Vega is
supported by the Spanish Health Research Foundation, Instituto de
Salud Carlos III (ISCIII), partially supported by FEDER funds through
Research Activity Intensification Program (contract grant numbers:
INT15/00070, INT16/00154, and INT17/00133), and through Centro
de Investigación Biomédica en Red de Enferemdades Raras CIBERER
(ACCI 2016: ER17P1AC7112/2018); the Autonomous Government
of Galicia (Consolidation and structuring program: IN607B), and by
the Fundación Mutua Madrileña (call 2018).
German Consortium for Hereditary Breast and Ovarian Cancer:
GC‐HBOC is funded by the German Cancer Aid (#110837,
#70111850; coordinator: RK. Schmutzler). L Wiesmullerreceived
PhD fellowships from the International Graduate School in Molecular
Medicine Ulm University.
Hospital Clinico San Carlos: M de la Hoya is supported by the
European Union’s Horizon 2020 Research and Innovation Program
under grant agreement No 634935, and Spanish Instituto de Salud
Carlos III (ISCIII) grant PI15/00059, an initiative of the Spanish
Ministry of Economy and Innovation partially supported by European
Regional Development FEDER Funds.
Helsinki University Hospital: The work of H Nevanlinna was
supported by the Helsinki University Hospital Research Fund.
Huntsman Cancer Institute, University of Utah: Sean Tavtigian
acknowledges support from the National Institutes of Health
(CA128978 and CA121245).
ICCon Partnership: ICCon acknowledges input from Miriam Fine,
Melissa Monnik, Rachel Austin, Letitia Thrupp, Chris Michael‐Lovatt
and Gillian Mitchell towards ICCon co‐ordination, data collection and
curation. The ICCon Partnership is funded by the Cancer Council
New South Wales Strategic Research Partnership (STREP) scheme.
Institut Català d’Oncologia: The work of C Lazaro is supported by
the Carlos III National Health. The Institut Català d’Oncologia is
funded by FEDER funds – a way to build Europe – (PI16/00563 and
CIBERONC), the Government of Catalonia (Pla estratègic de recerca
i innovació en salut [PERIS_MedPerCan and URDCat projects],
2017SGR1282 and 2017SGR496), and the Scientific Foundation
Asociación Española Contra el Cáncer.
Mayo Clinic: The research of F Couch was supported by NIH
Specialized Program of Research Excellence (SPORE) in breast
cancer (P50 CA1162091), NIH grants CA116167 and CA192393,
and the Breast Cancer Research Foundation.
Moffit Cancer Centre: A Monteiro acknowledges support from
the NIH (CA116167).
New Zealand Familial Breast Cancer Study: L Walker was
supported by the Rutherford Discovery Fellowship (Royal Society
PARSONS ET AL. | 1575
of New Zealand). V Lattimore was supported by the Breast Cancer
Foundation of New Zealand Belinda Scott Clinical Fellowship.
NICEST (Network of Italian Collaborators to ENIGMA Studies
and Trials): NICEST is partially supported by funds from the Italian
Association of Cancer Research (AIRC, Individual grant 15547, to P.
Radice).
Ohio State University: The research of A Toland was supported
by the Ohio State University Comprehensive Cancer Center.
Pisa University Hospital‐SOD Genetica Molecolare: Maria A
Caligo is supported by a grant from Fondazione Pisa (Grant “Clinical
characterization of BRCA 1/2 Missense variants for evaluation of
Breast cancer Risk”, 2018–2020).
University of Manchester: DGR Evans and ER Woodward are
funded by the NIHRManchester Biomedical Research Centre (IS‐BRC‐
1215–20007), and ER Woodward is supported by the Cancer
Research CRUK Catalyst Award, CanGene‐CanVar (C61296/A27223).
Vall d’Hebron Institute of Oncology (VHIO): This study was
supported by Spanish Instituto de Salud Carlos III (ISCIII) funding, an
initiative of the Spanish Ministry of Economy and Innovation partially
supported by European Regional Development FEDER Funds (FIS
PI15/00355 to O. Diez, FIS PI13/01711 and FIS PI16/01218 to S.
Gutiérrez‐Enríquez). S. Gutiérrez‐Enríquez is supported by the
Miguel Servet Program from ISCIII (CPII16/00034).
CONFLICT OF INTERESTS
The following authors declare conflicts as stated below.
Sandrine M. Caputo: Astra Zeneca contributes financially to the
COVAR study.
Laura Cortesi: Astra Zeneca (honoraria), Pfizer (honoraria and
advisory role), Amgen (advisory role), and Novartis (advisory role).
Fergus Couch: Steering committee and diagnostics committee for
the Astra Zeneca LUCY study.
Anne‐Marie Gerdes: February 2016, advisory Board meeting
about BRCA1/2 testing in ovarian cancer, sponsored by Astra Zenica.
Paolo Radice: Scientific coordinator of a course on the classifica-
tion of BRCA gene allele variants sponsored by Astra Zeneca (Milan,
June 2018).
Angela Toss: Lilly (advisory role), Roche (advisory role).
Lisa Wiesmuller is an inventor of a patent on a test system for
determining genotoxicities, which is owned by LW.
Ana Vega: October 2015, advisory Board meeting about BRCA1/
2 testing in ovarian cancer, sponsored by Astra Zeneca.
All other authors declare that they have no conflict of interests.
ORCID
Michael T. Parsons http://orcid.org/0000-0003-3242-8477
Miguel de la Hoya http://orcid.org/0000-0002-8113-1410
Orland Diez https://orcid.org/0000-0001-7339-0570
Diana M. Eccles http://orcid.org/0000-0002-9935-3169
Sara Gutiérrez‐Enríquez https://orcid.org/0000-0002-1711-6101
Rachel Susman http://orcid.org/0000-0002-3682-0620
Sean V. Tavtigian http://orcid.org/0000-0002-7543-8221
Amanda E. Toland http://orcid.org/0000-0002-0271-1792
Angela Toss http://orcid.org/0000-0002-1854-6701
Ana Vega http://orcid.org/0000-0002-7416-5137
Maaike P. G. Vreeswijk http://orcid.org/0000-0003-4068-9271
Emma R. Woodward http://orcid.org/0000-0002-6297-2855
Paolo Radice http://orcid.org/0000-0001-6298-4111
Amanda B. Spurdle http://orcid.org/0000-0003-1337-7897
REFERENCES
Antoniou, A., Pharoah, P. D. P., Narod, S., Risch, H. A., Eyfjord, J. E.,
Hopper, J. L., … Easton, D. F. (2003). Average risks of breast and
ovarian cancer associated with BRCA1 or BRCA2 mutations
detected in case Series unselected for family history: A combined
analysis of 22 studies. American Journal of Human Genetics, 72(5),
1117–1130.
Antoniou, A. C., Cunningham, A. P., Peto, J., Evans, D. G., Lalloo, F., Narod,
S. A., … Southey, M. C. (2008). The BOADICEA model of genetic
susceptibility to breast and ovarian cancers: Updates and extensions.
British Journal of Cancer, 98(8), 1457–1466.
Bouwman, P., van der Gulden, H., van der Heijden, I., Drost, R., Klijn, C. N.,
Prasetyanti, P., … Hogervorst, F. B. (2013). A high‐throughput
functional complementation assay for classification of BRCA1
missense variants. Cancer Discovery, 3(10), 1142–1155.
Breast Cancer Linkage C. (1999). Cancer risks in BRCA2 mutation
carriers. Journal of the National Cancer Institute, 91(15), 1310–1316.
Cline, M. S., Babbi, G., Casadio, R., Katsonis, P., Lai, C., Lichtarge, O., …,
O’Conner, R.Manuscript submitted for publication. Assessment of
blind predictions of the clinical significance of BRCA variants. Human
Mutation.
Coffee, B., Cox, H. C., Kidd, J., Sizemore, S., Brown, K., Manley, S., &
Mancini‐DiNardo, D. (2017). Detection of somatic variants in
peripheral blood lymphocytes using a next generation sequencing
multigene pan cancer panel. Cancer Genetics, 211, 5–8.
de la Hoya, M., Soukarieh, O., Lopez‐Perolio, I., Vega, A., Walker, L. C., van
Ierland, Y., …Wijnen, J. (2016). Combined genetic and splicing analysis
of BRCA1 c.[594‐2A > C; 641A > G] highlights the relevance of
naturally occurring in‐frame transcripts for developing disease gene
variant classification algorithms. Human Molecular Genetics, 25(11),
2256–2268.
Easton, D. F., Deffenbaugh, A. M., Pruss, D., Frye, C., Wenstrup, R. J., Allen‐
Brady, K., … Couch, F. J. (2007). A systematic genetic assessment of
1,433 sequence variants of unknown clinical significance in the
BRCA1 and BRCA2 breast cancer‐predisposition genes. American
Journal of Human Genetics, 81(5), 873–883.
Farrugia, D. J., Agarwal, M. K., Pankratz, V. S., Deffenbaugh, A. M., Pruss,
D., Frye, C., … Tavtigian, S. V. (2008). Functional assays for
classification of BRCA2 variants of uncertain significance. Cancer
Research, 68(9), 3523–3531.
Fernandes, V. C., Golubeva, V. A., Di Pietro, G., Shields, C., Amankwah, K.,
Nepomuceno, T. C., … Gomes, T. T. (2019). Impact of amino acid
substitutions at secondary structures in the BRCT domains of the
tumor suppressor BRCA1: Implications for clinical annotation. Journal
of Biological Chemistry, 294(15), 5980–5992.
Findlay, G. M., Daza, R. M., Martin, B., Zhang, M. D., Leith, A. P.,
Gasperini, M., … Shendure, J. (2018). Accurate classification of
BRCA1 variants with saturation genome editing. Nature, 562(7726),
217–222.
Ford, D., Easton, D. F., Bishop, D. T., Narod, S. A., & Goldgar, D. E. (1994).
Risks of cancer in BRCA1‐mutation carriers. Breast Cancer Linkage
Consortium. Lancet, 343(8899), 692–695.
1576 | PARSONS ET AL.
Goldgar, D. E., Easton, D. F., Byrnes, G. B., Spurdle, A. B., Iversen, E. S., &
Greenblatt, M. S., Group IUGVW. (2008). Genetic evidence and
integration of various data sources for classifying uncertain variants
into a single model. Human Mutation, 29(11), 1265–1272.
Goldgar, D. E., Easton, D. F., Deffenbaugh, A. M., Monteiro, A. N.,
Tavtigian, S. V., & Couch, F. J., Breast Cancer Information Core
Steering C. (2004). Integrated evaluation of DNA sequence variants of
unknown clinical significance: Application to BRCA1 and BRCA2.
American Journal of Human Genetics, 75(4), 535–544.
Guidugli, L., Carreira, A., Caputo, S. M., Ehlen, A., Galli, A., Monteiro, A. N.,
… Vreeswijk, M. P. (2014). Functional assays for analysis of variants of
uncertain significance in BRCA2. Human Mutation, 35(2), 151–164.
Hart, S. N., Hoskin, T., Shimelis, H., Moore, R. M., Feng, B., Thomas, A., …
Iversen, E. (2019). Comprehensive annotation of BRCA1 and BRCA2
missense variants by functionally validated sequence‐based computa-
tional prediction models. Genetics in Medicine, 21(1), 71–80.
Houdayer, C., Caux‐Moncoutier, V., Krieger, S., Barrois, M., Bonnet, F.,
Bourdon, V., … Gaildrat, P. (2012). Guidelines for splicing analysis in
molecular diagnosis derived from a set of 327 combined in silico/in
vitro studies on BRCA1 and BRCA2 variants. Human Mutation, 33(8),
1228–1238.
Kuchenbaecker, K. B., Hopper, J. L., Barnes, D. R., Phillips, K. A., Mooij, T.
M., Roos‐Blom, M. J., … Andrieu, N. (2017). Risks of breast, ovarian,
and contralateral breast cancer for BRCA1 and BRCA2 mutation
carriers. Journal of the American Medical Association (Chicago, IL),
317(23), 2402–2416.
Lee, K., Krempely, K., Roberts, M. E., Anderson, M. J., Carneiro, F., Chao, E.,
… Huntsman, D. (2018). Specifications of the ACMG/AMP variant
curation guidelines for the analysis of germline CDH1 sequence
variants. Human Mutation, 39(11), 1553–1568.
Lee, M. S., Green, R., Marsillac, S. M., Coquelle, N., Williams, R. S., Yeung,
T., … Monteiro, A. N. (2010). Comprehensive analysis of missense
variations in the BRCT domain of BRCA1 by structural and functional
assays. Cancer Research, 70(12), 4880–4890.
Lindor, N. M., Guidugli, L., Wang, X., Vallee, M. P., Monteiro, A. N.,
Tavtigian, S., … Couch, F. J. (2012). A review of a multifactorial
probability‐based model for classification of BRCA1 and BRCA2
variants of uncertain significance (VUS). Human Mutation, 33(1), 8–21.
Lovelock, P. K., Spurdle, A. B., Mok, M. T., Farrugia, D. J., Lakhani, S. R.,
Healey, S., … Couch, F. J. (2007). Identification of BRCA1 missense
substitutions that confer partial functional activity: Potential moder-
ate risk variants? Breast Cancer Research, 9(6), R82.
Maxwell, K. N., Domchek, S. M., Nathanson, K. L., & Robson, M. E. (2016).
Population frequency of germline BRCA1/2 mutations. Journal of
Clinical Oncology, 34(34), 4183–4185.
Mesman, R. L. S., Calleja, F., Hendriks, G., Morolli, B., Misovic, B., Devilee,
P., … Vreeswijk, M. P. G. (2019). The functional impact of variants of
uncertain significance in BRCA2. Genetics in Medicine, 21, 293–302.
Mester, J. L., Ghosh, R., Pesaran, T., Huether, R., Karam, R., Hruska, K. S., …
Barnholtz‐Sloan, J. (2018). Gene‐specific criteria for PTEN variant
curation: Recommendations from the ClinGen PTEN expert panel.
Human Mutation, 39(11), 1581–1592.
Michailidou, K., Hall, P., Gonzalez‐Neira, A., Ghoussaini, M., Dennis, J.,
Milne, R. L., … Bolla, M. K. (2013). Large‐scale genotyping identifies 41
new loci associated with breast cancer risk. Nature Genetics, 45(4),
353–361.361e1‐2
Millot, G. A., Carvalho, M. A., Caputo, S. M., Vreeswijk, M. P., Brown, M. A.,
Webb, M., … Galli, A. (2012). A guide for functional analysis of BRCA1
variants of uncertain significance. Human Mutation, 33(11),
1526–1537.
Moran, A., O’Hara, C., Khan, S., Shack, L., Woodward, E., Maher, E. R., …
Evans, D. G. (2012). Risk of cancer other than breast or ovarian in
individuals with BRCA1 and BRCA2 mutations. Familial Cancer, 11(2),
235–242.
Petitalot, A., Dardillac, E., Jacquet, E., Nhiri, N., Guirouilh‐Barbat, J., Julien,
P., … Schnell, J. A. (2019). Combining homologous recombination and
phosphopeptide‐binding data to predict the impact of BRCA1 BRCT
variants on cancer risk. Molecular Cancer Research, 17(1), 54–69.
Pilie, P. G., Tang, C., Mills, G. B., & Yap, T. A. (2019). State‐of‐the‐art
strategies for targeting the DNA damage response in cancer. Nature
Reviews Clinical Oncology, 16(2), 81–104.
Plon, S. E., Eccles, D. M., Easton, D., Foulkes, W. D., Genuardi, M.,
Greenblatt, M. S., … Tavtigian, S. V. (2008). Sequence variant
classification and reporting: Recommendations for improving the
interpretation of cancer susceptibility genetic test results. Human
Mutation, 29(11), 1282–1291.
Rehm, H. L., Berg, J. S., Brooks, L. D., Bustamante, C. D., Evans, J. P.,
Landrum, M. J., … Nussbaum, R. L. (2015). ClinGen—the clinical
genome resource. New England Journal of Medicine, 372(23),
2235–2242.
Richards, S., Aziz, N., Bale, S., Bick, D., Das, S., Gastier‐Foster, J., … Spector,
E. (2015). Standards and guidelines for the interpretation of sequence
variants: A joint consensus recommendation of the American College
of Medical Genetics and Genomics and the Association for Molecular
Pathology. Genetics in Medicine, 17(5), 405–424.
Rivera‐Munoz, E. A., Milko, L. V., Harrison, S. M., Azzariti, D. R., Kurtz, C. L.,
Lee, K., … Craigen, W. (2018). ClinGen variant curation expert panel
experiences and standardized processes for disease and gene‐level
specification of the ACMG/AMP guidelines for sequence variant
interpretation. Human Mutation, 39(11), 1614–1622.
Rouleau, E., Lefol, C., Moncoutier, V., Castera, L., Houdayer, C., Caputo, S.,
… Stoppa‐Lyonnet, D. (2010). A missense variant within BRCA1 exon
23 causing exon skipping. Cancer Genetics and Cytogenetics, 202(2),
144–146.
Spurdle, A. B., Couch, F. J., Parsons, M. T., McGuffog, L., Barrowdale, D.,
Bolla, M. K., … Wappenschmidt, B. (2014). Refined histopathological
predictors of BRCA1 and BRCA2 mutation status: A large‐scale
analysis of breast cancer characteristics from the BCAC, CIMBA, and
ENIGMA consortia. Breast Cancer Research, 16(6), 3419.
Spurdle, A. B., Greville‐Heygate, S., Antoniou, A. C., Brown, M., Burke, L.,
de la Hoya, M., … Monteiro, A. N. (2019). Towards controlled
terminology for reporting germline cancer susceptibility variants: An
ENIGMA report. Journal Medical Genetics, 56(6), 347–357.
Spurdle, A. B., Healey, S., Devereau, A., Hogervorst, F. B., Monteiro, A. N.,
Nathanson, K. L., … Wappenschmidt, B. (2012). ENIGMA—evidence‐
based network for the interpretation of germline mutant alleles: An
international initiative to evaluate risk and clinical significance
associated with sequence variation in BRCA1 and BRCA2 genes.
Human Mutation, 33(1), 2–7.
Starita, L. M., Islam, M. M., Banerjee, T., Adamovich, A. I., Gullingsrud, J.,
Fields, S., … Parvin, J. D. (2018). A multiplex homology‐directed DNA
repair assay reveals the impact of more than 1,000 BRCA1 missense
substitution variants on protein function. American Journal of Human
Genetics, 103(4), 498–508.
Tavtigian, S. V., Byrnes, G. B., Goldgar, D. E., & Thomas, A. (2008).
Classification of rare missense substitutions, using risk surfaces, with
genetic‐ and molecular‐epidemiology applications. Human Mutation,
29(11), 1342–1354.
Tavtigian, S. V., Greenblatt, M. S., Harrison, S. M., Nussbaum, R. L., Prabhu,
S. A., Boucher, K. M., & Biesecker, L. G., ClinGen Sequence Variant
Interpretation Working G. (2018). Modeling the ACMG/AMP variant
classification guidelines as a Bayesian classification framework.
Genetics in Medicine, 20(9), 1054–1060.
Thompson, B. A., Spurdle, A. B., Plazzer, J. P., Greenblatt, M. S., Akagi, K.,
Al‐Mulla, F., … den Dunnen, J. T. (2014). Application of a 5‐tiered
scheme for standardized classification of 2,360 unique mismatch
repair gene variants in the InSiGHT locus‐specific database. Nature
Genetics, 46(2), 107–115.
PARSONS ET AL. | 1577
Thompson, D., Easton, D. F., & Breast Cancer Linkage C (2002). Cancer
Incidence in BRCA1 mutation carriers. Journal of the National Cancer
Institute, 94(18), 1358–1365.
Thompson, D., Easton, D. F., & Goldgar, D. E. (2003). A full‐likelihood
method for the evaluation of causality of sequence variants from
family data. American Journal of Human Genetics, 73(3), 652–655.
Tuffaha, H. W., Mitchell, A., Ward, R. L., Connelly, L., Butler, J. R. G., Norris, S., &
Scuffham, P. A. (2018). Cost‐effectiveness analysis of germ‐line BRCA
testing in women with breast cancer and cascade testing in family
members of mutation carriers. Genetics in Medicine, 20(9), 985–994.
Vallee, M. P., Di Sera, T. L., Nix, D. A., Paquette, A. M., Parsons, M. T., Bell,
R., … Spurdle, A. B. (2016). Adding in silico assessment of potential
splice aberration to the integrated evaluation of BRCA gene
unclassified variants. Human Mutation, 37(7), 627–639.
Walker, L. C., Whiley, P. J., Houdayer, C., Hansen, T. V., Vega, A., Santamarina,
M., … Lafferty, A. (2013). Evaluation of a 5‐tier scheme proposed for
classification of sequence variants using bioinformatic and splicing assay
data: Inter‐reviewer variability and promotion of minimum reporting
guidelines. Human Mutation, 34(10), 1424–1431.
Whiffin, N., Minikel, E., Walsh, R., O’Donnell‐Luria, A. H., Karczewski, K.,
Ing, A. Y., … MacArthur, D. (2017). Using high‐resolution variant
frequencies to empower clinical genome interpretation. Genetics in
Medicine, 19(10), 1151–1158.
Whiley, P. J., Guidugli, L., Walker, L. C., Healey, S., Thompson, B. A.,
Lakhani, S. R., … Goldgar, D. E. (2011). Splicing and multifactorial
analysis of intronic BRCA1 and BRCA2 sequence variants
identifies clinically significant splicing aberrations up to 12
nucleotides from the intron/exon boundary. Human Mutation,
32(6), 678–687.
SUPPORTING INFORMATION
Additional supporting information may be found online in the
Supporting Information section.
How to cite this article: Parsons MT, Tudini E, Li H, et al.
Large scale multifactorial likelihood quantitative analysis of
BRCA1 and BRCA2 variants: An ENIGMA resource to support
clinical variant classification. Human Mutation.
2019;40:1557–1578. https://doi.org/10.1002/humu.23818
1578 | PARSONS ET AL.
